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INTRODUCTION

This study was conducted by Battelle's Pacific Northwest Laboratory
(PNL) for the U.S. Army's Ballistic Research Laboratory (BRL). The
purpose of this study was to develop methods to evaluate the magnitude of
the restoring or foundation moment generated by cocking of an obturated
projectile while it is within the bore of a gun. Saboted projectiles (KE-
type) most commonly ride the bore of the gun during launch on what is called
the obturator or drive band. Stability of the projectile in-bore is most

often provided by two bore contact surfaces located at some distance from
one another (i.e., a long "wheel base"). The rearward surface is provided

by the plastic obturator, and the forward surface is either a plastic band
or steel bourrelet which rides the gun bore. The use of two bore riding

* surfaces results in a greater parasitic weight of the projectile (the
sabot) than if there were only one bore riding surface. A cross-section
view of a typical KE projectile with a long "wheel base" is shown in Figure

The purpose of this project is to develop analysis methods to be

applied in the design of projectiles with one bore-riding surface and with
good in-bore stability. One of the contributing factors to stability is
the righting moment which occurs when the projectile begins to cock in
bore. This righting moment will be a function of the stiffness of the
plastic obturator or drive band and its resistance to local radial
deformations. The characteristics of this band as well as the stiffness of
the sabot are therefore very important in determining the resistance of the
single bore contact projectile to balloting or wobbling in the bore of the

gun.

In the case of the projectile with a long "wheel base," this wobbling

resistance (termed foundation moment) is provided by the separation of two
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line contacts with a fairly rigid member between them. In the case of the
single bore contact projectile, this resistance to wobbling or foundation

moment is provided by the stiffness of the obturator drive band.

This report describes an experimental and analytical study performed

at PNL to estimate the foundation moment. A simplified but characteristic

geometry was chosen which was simple both to model analytically and to

fabricate for experimental studies. Three different finite element models

were constructed for the purpose of evaluating alternate simulation

techniques. An experimental apparatus was also constructed with the same

geometry in order to verify the analytical models. This report documents

the analysis, testing, and conclusions of the project thus far. For the

sake of simplicity, this report looks at the problem in a nondimensional
manner. The only time that actual dimensions are reported is in the

Implications of Results section in which results of the analysis are scaled

up to what would be seen in an actual gun tube.
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FINITE ELEMENT MODELS

Following a meeting between BRL and PNL personnel in early January

1982, a geometry was chosen for the finite element and testing phase of the
program. That geometry is shown in cross-section view in Figure 2. This
figure shows a plot of a finite element mesh developed for the finite

element code ANSYS.* All finite element stress analyses were performed

with ANSYS. The large diameter portion of the model in Figure 2 is the

"bore-riding" portion of the configuration, and the small diameter

extension serves as the arm by which a moment can be applied to the "bore-
riding" portion. The shaded area of the "bore-riding" part models the
plastic band or obturator. This plastic band was restrained at its outer

diameter in the radial direction. A transverse deflection was applied at
the end of the arm, to apply a moment to the model. The finite element
analysis calculated the reaction force at the deflected end of the arm

which in effect gives the moment required to produce the known (prescribed)

angular deflection.

ELEMENT AND MESH REFINEMENT STUDIES

Two- dimensional (2-0) axisyfmetric finite element codes do not

generally allow nonaxs~ymetrtc loading such as that required for the
present analysis. ANSYS, however, permits the nonaxiisymetric loadirg to

be applied in the form of a sinusoiac variation around the circumference
of the model. The variation is in the form of A sin Ne, where A is the

amplitude of the loading and N is the number of sine waves applied around
the circumference. (One can also specify that the loading is A cos NO.) By
adding up the resu lts of several analyses the solution for a Fourier series
type of loading can be obtained. Foe this uork, only a single term is
required To describe the 0. 1-inCh deflection at the end of the model (i.e.,

4 .0.1 cos 4.
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It is possible that the 2-D representation with nonaxisymmetric

loading can give more accurate results than a model using 3-D finite

elements. The 3-D model, for the same cost per computation, must be meshed

coarsely in the circumferential direction, This will cause numerical

•. errors not present in the 2-0 axisymmetric model, which treats circum-

ferential variations in stress in an "exact" analytical manner. The 2-D

element used in ANSYS does not, however, allow material nonlinearities in

* conjunction with nonaxisymmetric loadings. It is expected that the

plastics used for obturator materials will not behave in a linear elastic

tI fashion at the stress levels imposed during launch of a projectile. The

*- ANSYS 3-D element can treat material nonlinearity, and for this reason, a

* 3-Dmodel was also developed as shown in Figure 3. The 2-D model was used

primarily as a guide for evaluating the circumferential mesh refinement

for the 3-D models.

A three-dimensional finite element analysis can involve considerable
computing costs, since the number of nodes and elements increase rapidly

with the level of refinement of the mesh. In this case, the refinement of

concern is in the circumferential direction. The cost of a finite element

analysis goes up at least in proportion to the increase in number of nodes

and elements, since the number of degrees of freedom directly determines

the size of the system of equations which has to be solved. Nonlinear

materials require iterative solutions, which typically increase cost about

an order of magnitude. For these reasons, it was desirable to determine an

optimum circumferential mesh refinement for the 3-0 analysis.

The 3-D model as shown in Figure 3 has a moment applying arm, a bore-

riding porticn and a plastic band (i.e., shaded region). This model is

meshed into 30 degree segments circumferentially. The element used is the

S .3-D extension of the 2-D isoparametric quadrilateral used in the axi-

symmetric model. It is often describe~d as an 8-node brick element. The

fact that element stresses are computed by ANSYS only at the element

-14-
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centroid gives rise to less detailed stress output than the 2-D models.
The 3-0 element does, however, allow material nonlinearities in the form of
inelastic strains which will occur in the obturator material during launch

of a projectile.

Another finite element model was developed as a further check on the
2-D axisymmetric model with nonaxisymmetric loading. This model treats
the large bore-ridina part of the chosen geometry as seen in an end on view.
This model, shown in Figure 4, is essertially a flat circular plate of unit
(I in.) (2.54 cm) thickness. It is constrained radially (radial
displacement :0 ) at its outside edge and a small radial displacement (0.01
in.) (0.0254 cm) is imposed at its center. The circumferential mesh
increment is 5 degrees. The 2-D axisymmetric and 3-D models were also
constrained and loaded in this fashion. In addition, the 3-0 model mesh
was refined circumferentially from 30 degrees per element to 15 degrees and
"10 degrees. In this manner, a sensitivity study was performed to study the
effects of mesh refinement of the 3-0 models. The results are shown in
Figure 5. Note that all of the models produced results that differed by
less than 10 percent and that even the 3-D model with 30 degree elements
produced good results. It was thought, however, that a 15 degree
circumferential mesh refinement, although not required in the linear
elastic analyses, would be desirable when material nonlinearities were
added to the model. The 15 degree circumferential mesh refinement was
therefore chosen for the remainder of the 3-D modelling.

FURTHER ANALYSIS

The material properties used initially for the plastic band were
taken from handbook values. It was also originally thought that a rigid
representation of the metal parts would be adequate. For the plastic band

"A material values of 175,000 psi (1207 MPa) for Young's modulus and 0.4 for

-16-
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Poisson's Ratio were chosen on the basis of manufacturers' data and

discussions with staff in PNL's Materials Department. These values and a

Young's modulus of 30 X 108 psi (20.7 x 106 MPa) (2 orders of magnitude more
stiff than steel) for the metal core of the model produced the results

shown in Figure 5.

During the course of this project several aspects of the models used
in the above described element selection and mesh refinement study were

changed. The most notable changes were the properties of the plastic used
for obturator band material, and the geometry of the metal portion of the
model. A small variation in the banded (bore-riding) part of the model was

required to produce a band that would not slip during testing. That
geometry is shown in Figure 6. It is essentially identical to that shown
in Figure 3 except that the plastic band has a thicker portion which fits
into a central depression in the metal core. This eliminated any

possibility of slip in the axial direction at the core-plastic interface.

A second, much more significant change had to be made in the geometry

of the moment-applying bar portion of the model. Initial testing and

analysis showed an unexpectedly high moment generated by the plastic band
and associated bending of the bar. Therefore,it was decided to stiffen the

bar considerably.

The elastic properties of the plastic obturator material were also
changed during the course of this project. Initial handbook values for

- Young's modulus proved to be much lower than the actual material used in
the testing phase of this work. Material tests performed as part of this

-project are described in another section of this report.

Du PuPont Pla.ttu Ve6ign Handbook, page 15, Tr.bte S.
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TEST FIXTURE

The original test fixture built to measure the foundation moment is

shown in Figure 7. Figure 8 shows a series of photographs of the fixture

in the load frame used for the tests. Figure 9 is a schematic of the

original test fixture. The central portion of the assembly is made of

aluminum bar stock. The aluminum portion comes apart in the middle to
allow installation of the plastic band. Four hardened cap screws were used

to fasten the aluminum end cap which holds the plastic band in place. Once

this aluminum and plastic assembly is put together, it is bolted into the

steel frame shown schematically in Figure 9 and pictorially in Figures 7

and 8. This steel frame consists of a bottom plate and an upright member

which is split horizontally to allow installation of the aluminum and

plastic assembly. In this fashion, a simulated projectile (aluminum and

plastic assembly) is assembled into a short section of a simulated gun tube

(steel clamping device). The inside of the steel clamping fixture and the

outer surface of the plastic band had machined grooves to prevent slippage

along the plastic-steel interface. To ensure proper clamping of the

aluminum and plastic assembly, an interference of approximately 0.005 in.

(0.013 cm) was provided in the steel clamping device. The bottom of the

upper semicircular clamp was machined off to provide this interference.

The plastic band in the test fixture was machined from a tube of nylon

ordered from DuPont. The tube is centrifugally cast ZYTEL 101 with an

outside diameter of 3-1/8 in. (7.9 cm) and an inside diameter of 1-1/4 in.
o• (3.2 cm). The material was specified with a military specification common

to most of the KE obturators. This specification is: nylon tube,

centrifugally cast, ZYTEL 101, composition "A," Type I, MIL-M-20693.

This entire assembly was placed in a load frame. This frame consisted

of a handcranked bottom platen which moves the specimen up to contact a

-21-
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FIGURE 7. Photographs of Original Test Fixture
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mandrel which is bolted to a BLH Electronics Type UG32 load cell. The load
cell signal was conditioned with a Doric Digital Transducer Indicator
Model 420 with analog output. The capacity of this load frame was 10,000
lbf (5450 kg). A clip gauge was placed between the bottom plate of the
fixture and the end of the moment applying arm (aluminum arm). This clip
gauge is a doubly cantilevered gauge with four micromeasurement strain
gauges connected in a wheatstone bridge. The output signal from the gauge
was conditioned with an Endevco Model 4470 voltage regulator bridge
conditioner. This signal, combined with the output from the BLH
electronics load cell, was fed to a Honeywell Model 1540 X-Y chart
recorder. The entire system was calibrated and used to obtain a plot of

force versus deflection at the end of the aluminum bar.

-25
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TEST RESULTS VS.FINITE ELEMENT ANALYSIS

The results of the first test are shown in Figure 10. Note that the

force required to deflect the end of the aluminum bar by 0.1 in. (0.25 cm)

was about 180-190 lbf (82-86 kg). The initial finite element analyses

treated the metallic parts as essentially rigid because it was thought that

the resisting moment (foundation moment) would be fairly small. It is most

commonly treated as a higher order effect in ballistic analyses of

*. projectiles.

-. The initial analyses predicted forces much greater than the 190 lbf

(86 kg) output from the test. The forces calculated by ANSYS were in excess

of 1300 lbf (590 kg) and in one case as high as 8200 lbf (3720 kg), computed

'9. by using different restraint conditions. Explanations were sought for the

obvious difference between the analysis and the test. A possible source of

the discrepancy was the compliance of the test fixture. To check for

compliance the actual modulus of elasticity (10 X 106 psi) (69 x 103 MPa)

was used for the aluminum central portion in the ANSYS model. The

calculated reaction force at the end of the aluminum bar dropped from 1390

. lbf (630 kg) to 325 lbf (147 kg). The fixture was obviously much too

"compliant to be modeled as a rigid member in the finite element simulation.

Figure 11 portrays graphically the difference betwen a rigid center and an

alwninum center. It is a plot of the cenuerline deflection (as calculated

by ANSYS) of the fixture for two cases; one with the center portion

modelled as rigid (E a 30 X 108psi) (20.7 x 106 MPa), and one for an

alhtinum centee (E - 10 X 106 psi) (69 x 103 tPa). Note that almost all of

the deflection in the case of the aluminum center consists of bending in

the bat.

* To .minimize undesired bending of the bar, a new central core was

designed and manufactured from a single bar of 304 stainless steel. A

•46
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schematic of this central piece is shown in Figure 12, and photographs of

it are shown in Figure 13. A slot was added to thp rear portion of the arm

to get clearance for the clip gauge in the test setup. The ANSYS model for

this new central portion is shown in Figure 14. Because the interest was

in the behavior at the plastic-to-bore interface, it was unnecessary to add

the notch geometry to the ANSYS model. The results for this ANSYS model

which treated the compliance of the stainless steel rod (1314 lbf) (597 kg)

were reasonably close to the results of the rigid center case (1375 lbf)

(624 kg).

The tested results for this new central core clamped in tne origihal

fixture are shown in Figure 15. The clamping fixture was then also

"stiffened as shown in the photographs of Figure 16. The results of tests

with the newly revised fixture are shown in Figure 17. If the measurements
from the last test are corrected for bolt stretch in the clamping device

and for bending of the bottom plate of the clamping device, the test data

indicate that it will require approximately 1800 lbf (810 kg) to deflect

the end of the fixture 0.02 in. (.05 cm). Further predictions were made

using ANSYS. These predictions use a 0.02 in. (0.05 cm) fixture end

deflection, the stainless steel core, and a nylon elastic modulus of

600,000 psi (4140 MPa). The measured result of 1800 lbf (810 kg) is bounded

by two predictions varying boundary conditions: fixed axially and radially

at the plastic gun bore interface, and fixed radially only at this

interface.

/I
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BOUNDARY CONDITIONS - FIXED VERSUS SLIDING

The boundary conditions at the plastic-to-gun-bore interface are a
critical aspect of the analysis. In order to model this interface using
ANSYS, the outer nodes of the plastic band were assigned zero displacement
values in specified directions. This essentially models the gun bore as a
rigid boundary. These nodes could be fixed in the radial, axial or

circumferential directions. The method used to generate the nodal points
used a cylindrical coordinate system. In the convention of the ANSYS code
this means that fixing a node in the X-direction was the same as fixing it
in the radial direction. The Y-coordinate coresponded to the tangential
(or e) directicn, and the Z-coordinate corresponded to the axial direction.
Since the simulation did not include twisting of the projectile in-bore
(i.e., a smooth bore bullet), the displacement in the e-direction was not

constrained. This leaves two options, nodes fixed only in the R-direction
(radially), or in both the r and Zdirections (radial and axial). The test

fixture had circumferential grooves machined into it as mentioned before,
so it would seem reasonable to expect that the plastic would not slip
axially in the test. In a gun tube, however, the plastic is always sliding
axially along the bore surface. In this light, it is more reasonable to fix
these points in the radial direction only when modeling actual projectile

behavior. In order to both model the condition of the test fixture, and
• .shed some light upon the actual foundation moment under launch conditions,

both of these cases were analyzed. The analyses of these two cases
* produced some surprising results. If we assume that the end deflection of

the bar is 0.1 in. (0.25 cm) as before, ANSYS predicted reaction forces of

1314 lbf (597 kg) when only radial displacements were fixed and 7280 lbf

(3305 kg) for the case where the outer plastic nodes were fixed in both the
radial and axial directions. This is a factor of over 5.5 difference
between the two cases.

-36-



A closed-form calculation was performed in an attempt to explain this
large difference in predicted load. The idea behind this calculation is to

evaluate the ratio of moment with frictionless sliding at the bore contact
surface to moment with no sliding at this interface. Essentially, the

shear stiffness of the plastic band contributes to the moment in the no-
sliding case. The results of this computation are given below in Table I.
The details of the analysis are provided in an appendix of this report, as

are definitions of the terms in the equations.

TABLE 1. LOAD RATIO FROM ANSYS AND COMPUTATION

LaRt Load with Frictionless Sliding- .'. L o a d R a t i o =
Load with No Sliding

• 1314 Ibf (597 kg)
ANSYS Runs: Load Ratio = = 0.187280 lbf (3305 kg)

Closed-Form Estimate: Load Ratio 1 0.16S~I + 6 I

This estimation shows that a very large difference is expected for the two
alternative boundary conditions. Several assumptions were made in the

closed-form estimate, and these contribute to the difference with the ANSYS

solution. The assumptions are also detailed in the appendix of this report

which describes the closed-form analysis.

:4 As was noted in the previous section of this report, the data from the

test lie somewhere between the two cases. Table 2 is a listing of the

results of a sensitivity study performed upon changing both the elastic
modulus of the plastic band and the type of imposed boundary conditions.

0 All of the predicted forces in Table 2 are for a 0.02 in. (0.05 cm) imposed

deflection at the moment applying end of the ANSYS model.
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TABLE 2. ANALYSIS RESULTS VARYING ENYLON AND
BOUNDARY CONDITIONS

Force Predicted
ENylon by ANSYS

(psi) (MPa) Fixity (lbfJ (kg)

175,000 (1207) Radial 268 (122)
175,000 (1207) Radial + Axial 1,456 (661)

370,000 (2550) Radial 540 (245)

370,000 (2550) Radial + Axial 2,683 (1218)

600,000 (4130) Radial 829 (376)

600,000 (4130) Radial + Axial 3,780 (1716)

Two trends are immediately apparent upon examining this table. First, the

boundary conditions imposed upon the model are very important in deter-
mining the predicted system stiffness. In all cases there is at least a

factor of 4.5 difference in predicted force between the two alternate

"boundary conditions. Second, the relationship between the elastic modulus

of the band and foundation moment is not linear. An increase in elastic
modulus by a factor of two does not increase the stiffness of the system by
a factor of two. This is at least partly because deformation of the steel
core pleys an increasing role in tVe flexing of the fixture with increasing

band stiffness. This result shows that modelling the metallic parts as
rigid is not a valid assumption. It also shows that the interaction

between obturator and sabot, and the deformations of the metallic parts of

any projectile play a significant role in determining the magnitude of the
system stiffness and contribute to the balloting response of the pro-

jectile. Any design strategy which deals with foundation moment must
therefore include the compliance of the metallic parts of the projectile.

3
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MATERIAL PROPERTIES TESTS

The only mechanical properties available for the specific plastic

used to fabricate the band were minimum manufacturer's specifications. As

such, it was decided that material characterization tests for the plastic

were necessary to permit detailed comparisons of finite element pre-

dictions with test results. Both the low strain rate and moderately high

strain rate regions were of interest since the elastic modulus and yield

"strength of the plastic were believed to change with changing strain rate.

Both properties were expected to increase with strain rate.

"Initial mechanical properties tests were performed using some ex-

"truded ZYTEL 101 bar stock that was available in PNL's Materials Department

from another project. Figure 18 shows the tensile specimens machined from

this material. Initially, those specimens were machined from this bar

stock. All three were machined from longitudinal sections of the bar;

i.e., the long axis of the specimens was in the extrusion direction of the

bar. The first specimen was pulled in tension to failure in an Instron

tensile test machine. This was the "low strain rate" test. The head speed

S"(rate of elongation of the specimen) was .02 in./min (0.051 cm/min).

Another low strain rate test was performed in a similar manner except that

the material was stressed above yield, then unloaded, and then cycled up to

a stress above yield again. This cycling was repeated four times, and then

the specimen was pulled in tension to failure. This cyclic testing was

performed to study the anelastic or hysteresis behavior of the nylon

material. 'he test results do show a significant amount of this type of

behavior. This behavior was studied in this fashion because of the

hysteresis seen in the .bench tests (Figures 15 and 17). The shape of the

Instron test curve is in fact very similar to that seen in the bench tests.

The third specimen was pulled to failure in tension at a high rate of

strain. The specimen was loaded into a drop tower and impacted by a fal I ing
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(51c)

0,.25" 2"1

a'. .

FIGURE 18, Cross Section View of Zytel 101 Tensile
Test Specimens
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weight. The velocity of the falling weight was 3180 in./min (8077 cm/min).
This yields strain rates 160,000 t.es higher than those used in the slow
rate tests. The entire high strain rate testing event took place in 3.12
msec from the initial impact. Results from the high strain rate (dynamic)
"and low strain rate (static) tests are summarized in Figure 19. The elastic
modulus for the low rate of strain tests is 370,000 psi (2250 MPa) and for
the high rate of strain tests it is 520,000 psi (3590 MPa) for this
particular nylon. The third sample, before impact testing, was also tested
ultrasonically to determine the dynamic modulus of elasticity. This test
produced a modulus of 520,000 psi (3590 MPa), as in the impact test.

Test specimens were also cut from the centrifugally cast tube bought
for this project. These specimens were cut from the same material as the
nylon bands used in the bench test fixture. Three tensile specimens,

identical to those used previously, and one compression specimen (a
cylinder 2-1/2 in. (6,4 cm) long and 3/4 in. (1.9 cm) in diameter) were cut
from this material. One of the tensile specimens was placed in a bucket of
water overnight before testing to determine the effect of water absorption
on the mechanical properties of the nylon material. Two of the tensile
specimens were tested statically (low strain rate): one dry (65% relative
humidity in the lab at the time) and one wet (out of the bucket of water).
These two were tested ultrasonically before being pulled to failure on the
Instron. The third tensile specimen cut from the tube was loaded into the

Sdrop tower and tested dynamically (high strain rate). The compression
specimen was tested in the Instron at.the low strain rate..4

A summary of the results of all of the nylon mechanical properties
tests performed for this project is provided in Table 3. There are a few
important things to note in this table. First, the elastic modulus of the
delivered nylon product is considerably above minimium manufacturers'
specifications. These specifications. were taken directly from the
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ZYTEL, 101 TENSILE STRESS-STRAIN DATA

1.?o

DYNAMIC
.. v - ; : v " . " ". " .* . . .

I.') 
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LO 0.8 E=520,000 PSI (3590 MPA) ...

Ntoo
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FIGURE 19. Summary of Dynamic and Static Tests Performed onZytel 101 Extruded Bar Specimens
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manufacturers' specifications. Another handbook of material properties of

plastics 2 quotes a somewhat higher modulus for the product. This

reference quotes 350,000 psi (2410 MPa) for cast nylon type 6 and 200,000

psi (1380 MPa) for nucleated nylon type 66. The variability in quoted

mechanical properties points to a second important conclusion to be drawn

"from the mechanical properties tests. That is that even Young's modulus is

different for different product forms and possibly even for different lots

of the same material. This is not the case in metals. Thus, it is not

reasonable to treat these plastics in our simulation as we would metals.

Another rather important note to be made relates to the effects of

rate of strain upon the mechanical properties of nylon. Within the same

lot of material, the rate at which the material is strained determines in

part the elastic response of the material. Both of the materials tested

(extruded bar and spin-cast tube) exhibit this behavior. The rate of

strain imposed upon the impact test specimens was similar to what could be

expected to occur during launch of a projectile.

I

SModem Plahtic6 EmtcydopediA, Octobet 1915s Vo&&rne S2, Ntumbet IOA,
Me.Gtw-HIU PubLicationi Comp'uJg, New Vo,,a, NV.
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IMPLICATIONS OF RESULTS

Historically, it has been assumed that the foundation moment for a
single bore contact projectile is rather small and would have a second

order effect on projectile motion. The results of this project indicate
that the foundation moment in a short wheel base round is not a neglectable

effect. This will be shown with a relatively simple calculation.

If we presume

* qthat the modulus is more likely to be near 600,000 psi (431 MPa) as a

consequence of the materials test,

*..that the lower values for the moment are more nearly correct (the

sliding case), and

- that the results are amenable to linear scaling,

then the calculations can be made to evaluate the effective magnitude of

the restoring moment for a 120-mm projectile (KE). For a deflection of
0.02 in. (0.051 cm) related to the test apparatus, the net foundation
moment generated for the 2.8 in. (70 mm) diameter band can be computed from

M70 = F d

= (829 lbf)* (5.5 in.)

- 4565 in,-Ibf (5264 cm-Kg)

. Now estimating the moment for a 120-mm diameter projectile, presuming that

"the length and thickness of the band are unchanged, gives

'.': t12oM12 M710

4 (4565 in.-lbf) (\--)

= 7825 in.-lbf

"M120 7800 in.-lbf (8995 cm-Kg)

4 *This value is taken directly from Table 2 for a nylon Young's modulus

of 600,000 psi (4137 MPa) and fixed R-direction only.
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The 0.02 in. (0.051 cm) deflection at the moment applying end is

equivalent to about 0.21 degrees of angular deflection. To calculate the

value of the peak moment generated by having the center of mass of the

projectile at some axial distance from the position of the obturator band

"(the hinge) and at the same angle, we will assume a peak axial acceleration

of 50,000 g's and a projectile weight of 16 lbm (7.26 Kg).* The resulting

moment is given by

Macc (Facc) (tan a) (g)

where

Macc = peak moment due to acceleration.

Facc body force due to acceleration mass of round x axial

acceleration (16 lbm) x (50,000 g's) 800,000 lbf (363,200 Kg)
a angular displacement, and

2 = axial distance between center of gravity and center of

obturator band.

We can now solve for Lmin by equating the two moments, or

Macc
.- +.• min =2.min Facc tan

7800 in.-lbf
(800,000 lbf) (tan .210)

= 2.68 in. (6.81 cm)

. In other words, the foundation moment in this case will equal the peak
. torque produced by the center of gravity being about 0.6 caliber ahead of

the axial center of the obturator band. If the band restoring moment turns

out to be greater, or if times other than peak propelling gas pressure are

.. considered, the foundation moment is even more important.

These figures are representative of a 120-mm KE bullet.
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It should be recalled that several assumptions were made in the above

calculation. For example, instead of using the results of the bench tests

in which sliding was restrained, we used the results of the analysis of the

same geometry in which sliding was permitted. The properties of the

plastic were taken from results of mechanical properties tests. Linearly

* elastic behavior with no yielding was assumed. The measured yield strength

of the plastic is about 12 kpsi (82.7 MPa), and the outer portion of the

plastic in the analysis showed a stress of approximately that magnitude.

Also, the analysis results were scaled from a 2.8 in. (70 mm) assembly to

a 4.7 in. (120 mm) assembly.

If any one of the above assumptions is invalid, the comparison

calculation could be inaccurate, We believe, however, that the assump-

tions made yield results that are conservative in the event that they are

inaccurate. It, therefore, seems reasonable to expect that the foundation

moment is a large effect and must be included in any calculation involving

the dynamics of an in-bore projectile. There are several parameters to the

problem which, however, warrant further investigation. Bench tests should

be performed with a model projectile sliding within a model gun tube.

Different grades of plastics should be used: for example, centrifugally

cast versus extruded material. This will show the effect of typical

variations in the mechanical properties of the plastic band material. The

geometry of the band should also be changed to assess the effects of

changing the thickness of the band and the length of the bore contact

surface. Finally, the importance of the hysteresis must be explored as a

damping mechanism for balloting motion.
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APPENDIX A

CLOSED-FORM ESTIMATION OF APPARENT DISCREPANCY IN
THE TWO BOUNDARY CONDITION CASES
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APPENDIX A

This appendix contains a calculation to resolve the apparent dis-

crepancy in analysis results for the two different boundary condition

cases: sliding or no sliding. In the sliding case, the gun bore-nylon

interface is modeled as friction free and only the radial compliance of the

nylon withstands the applied moment. In the no-sliding case, both the

radial compliance and the shear stress at the gun bore-nylon interface will

withstand the moment.

Figure A-1 portrays symbolically the two different boundary condition

cases. The upper portion shows the sliding friction free case, and the

lower portion shows the no-sliding case. Let us define terms as follows:

I, = length of gun bore to nylon interface (width of obturator)

t = thickness of nylon

U R = radius of center of projectile

r radial position or direction

"z longitudinal or down-bore direction

E = nylon Young's modulus

E
G = nylon shear modulus 2(0 + V)

v nylon Poisson's Ratio

e rotation of projectile about the center - this rotation causes
*e the moment

u = displacement in the radial direction (r direction)

v a displacement in the longitudinal direction (z direction).

*,e First, we will look at the no-sliding case. The relationship between

shear stress and shear strain can be given by Hooke's Law as follows:

G,,T =G Vduz dv

I ... 51-
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ut r Sliding

- -R

wv R

:7 7 7 77 7 )Non-sliding

"FIGURE A-I. Idealization of Test Fixture Geometry Showing Both
Boundary Condition Cases: Sliding (Top) and
Nonsliding (Bottom)
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Our displacement relationships are as follows:

at r = R , v Re
• ,4

at r=R+t 0 v

and in general

v = -Re r - R -t-" t

For sliding and no sliding, the u-displacements are as follows

"* u - v (z/R)

::iZ - -Re (z/R) t

or

U u .ze [r- R-t]

"Now, going back to our shear stress/strain relationships

TG u dv
Ldz dr]

and differentiating

-[ (r R -t) Re• :, T G "t " -

Go - R - t + RR] Ge tr Qt

and for r * R
,-.-T ( R -qt

t

"and the moment due to this shear stress can be given by

"" Msheara 2 T t R

2Ge G t R (R - t)
I 2t
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and from our shear modulus/Young's modulus relationships
SE ezR(R - ,l

Mshear tt (1 + IV)

The radial stress at any point, Or, can be given by

E d E [Oz (l/t)]

.L".-/E e z

and the moment due to this radial stress can be given by

Mradial 2 Z Or dz

12
Ee z2 dz

.2/f2 -2 1

-Ee 3

Eq3-
-- 6t

Now, what we want is a measure of the difference between the two boundary

condition cases, or a ratio as follows

Moment due to or
Ratio Moment due both to Or and T

or

* Ratio Eet 3/6t

Eet 3/6t + EW JR -t (I + •

W54-
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or, after some algebraic manipulation

"" • 1
Ratio =

- + 6 12 (1 + v)

Taking values of the dimensions from our test fixture, as follows:

t = 0.2 in. (0.51 cm)

R = 1.2 in. (3.05 cm)
I = 1.0 in. (2.54 cm)

V 0.386 (from material test data)

. Then the ratio can be evaluated as follows

Ratio•::: ~ ~~~I + 6 •,'Z( .36

Ratio 0.16

From our finite element results, the ratio of results can be evaluated as

follows and ,compared to the. closed-form solution:

- 1314
Ratio From Finite Element Results 1

"Ratio Calculated 0.18

The closed-form estimate is based upon many assumptions, such as a

rigid representation of the metal parts. The difference between the 0.16

calculated closed form and the 0. IS calculated using ANSYS is therefore not

considered significant. The fact thot the ratio is so small, or that the

shear stress plays such a major role in determining the moment is, however,

a significant finding.

S
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